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Abstract
Well-organised PLB gives rise to a X-ray diffraction pattern overlaid by a scattering pattern arising from individual tubules within less well-
organised regions of the lattice. TEM and SAXS measurements were used to characterise the structural changes in PLB subjected to perturbation by
freeze–thaw, exposure to pH 6.5, or resuspension in high-salt media. Comparison of SAXS patterns measured, before and after structural
perturbation allows the separation of the contributions from ordered and disordered PLB. The diffraction pattern is shown to be based on a diamond
cubic (Fd3m) lattice of unit cell a=78 nm. Freeze–thaw and high-salt disruption lead to the breakdown of ordered PLB into disordered tubules of
similar dimensions to those making up the original PLB lattice. Their scattering patterns suggest that they are approximately 26 nm in diameter with
a central lumen about 16 nm in diameter. The tubules formed at pH 6.5 are appreciably narrower, probably reflecting changes in the pattern of
ionisation of charged groups at the membrane surface. Absorption spectra of PLB in media containing different concentrations of salts indicated that
the structural and spectral changes are related. NADPH, have a significant role in the protection of POR-PChlide650 but to have only a relatively
small effect on the preservation of PLB organisation indicating that the retention of POR-PChlide650 in isolated PLB preparations is a poor guide to
their structural integrity.
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Plant prolamellar bodies (PLB) formed in the etioplasts of
dark-grown (etiolated) seedlings are examples of bicontinuous
cubic phases occurring in a natural biological system. Analysis
of thin-section electron micrographs indicates that the majority
of PLB are built up from a continuous but highly convoluted
membrane lipid bilayer forming tetrapodal units occupying
positions analogous to the tetravalent carbon atoms of the
diamond lattice [1]. Drawing on evidence from model studies,Abbreviations: Chlide, chlorophyllide; PChlide, protochlorophyllide; PLB,
prolamellar body; PT, prothylakoid; POR, protochlorophyllide oxidoreductase;
POR-PChlide640, POR-PChlide650, spectral forms of POR-PChlide complexes
with absorption maxima at 640 and 650 nm
⁎ Corresponding author. Tel.: +46 90 786 6026; fax: +46 90 786 6676.
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doi:10.1016/j.bbamem.2007.05.005Lindstedt and Liljenberg [2] suggested that the PLB membrane
may be an example of a Schwartz D surface; one of a family of
infinite periodic minimal energy surfaces that can be formed by
oriented amphiphilic molecules such as membrane lipids.
Systems containing such surfaces can be visualised as com-
prising of two identical interpenetrating diamond lattices and
index on a primitive cubic (Pn3m) lattice [3]. X-ray studies [4],
however, indicate that maize PLB are characterised by a
diamond cubic (Fd3m) lattice. This is consistent with the view
that the PLB membrane, as an inherently asymmetric mem-
brane, is one of the family of unbalanced constant potential
energy surfaces described by Landh [5] rather than a true
Schwarz D surface.
The etioplast is the precursor of the higher-plant chloroplast
and its inner membrane, of which the PLB is a part, has a very
similar lipid composition to that of the higher-plant chloroplast
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bilayer forming lipid monogalactosyldiacylglycerol together
with smaller amounts of the bilayer forming lipids digalacto-
syldiacylglycerol, phosphatidylglycerol and sulphoquinovosyl-
diacylglycerol. The ability of mixtures of mono-and digalacto-
syldiacylglycerol to form paracrystalline arrays, subsequently
identified as bicontinuous cubic phases, is well established [7,8].
NMR studies, however, suggest that such structures are normally
stable only over limited ranges of temperature and hydration [9].
The stability of the PLB lattice is thought to reflect the pre-
sence of protochlorophyllide oxidoreductase (POR). POR exists
in two photoconvertible forms, POR-PChlide640 and POR-
PChlide650, characterised by absorption maxima at 640 and
650 nm, respectively. These are believed to correspond to dif-
ferent aggregational forms of the enzyme [10]. The less
aggregated form POR-PChlide640 is located predominantly in
the lamellar prothylakoid (PT) membranes of the etioplast. The
more aggregated form POR-PChlide650, however, is only found
in intact PLB strongly suggesting a direct link between its pre-
sence and the cubic lattice of the PLB. Plant mutants deficient in
POR-PChlide650 have been shown to have a parallel deficiency
in organised PLB supporting this view [11,12]. While the
presence of POR-PChlide650 appears to be a necessary
condition for PLB formation other factors are clearly involved.
This is evidenced by the absence of PLB in carotenoid and
chloroplast regulation (ccr) Arabidopsis mutants, which accu-
mulate acyclic poly-cis-carotenoids in place of cyclic all-trans-
xanthophylls [13], and the disrupted state of PLB in the (dgdg1)
mutant, deficient in digalactosyldiacylglycerol [14]. Both these
types of mutant contain normal levels of POR-PChlide650. This
is consistent with the idea that the lipid composition of the
etioplast, as well as the presence or absence of POR-PChlide650,
plays an important role in determining the morphology of the
etioplast membrane.
Small angle X-ray scattering (SAXS) patterns obtained from
samples of isolated PLB contain diffraction contributions, ari-
sing from ordered PLB, and scattering contributions, arising
from less well-ordered PLB damaged during the isolation pro-
cess. The present study has two main aims. The first is to utilise
the effects of perturbation of PLB structure by freeze–thaw and
resuspension in high-salt or pH 6.5 assay media, to separate out
these different contributions. The second is to investigate the
relationship between the presence of POR-PChlide650 and
the existence of an ordered PLB lattice. Electron microscopy
was used to characterise the relationship between the structural
changes occurring on perturbation and the changes seen in the
X-ray measurements. Absorption measurements were used to
identify the forms of the POR-PChlide complex present under
different conditions.
2. Materials and methods
2.1. PLB isolation
Maize seedlings (Zea mays L. cv. Apache) were grown in the dark for
9 days at 24 °C in a peat-soil mixture containing fertiliser. PLB isolated
according to Widell-Wigge and Selstam [15] were stored at −20° or −70 °C in
1.3 M sucrose, 50 mM KCl, 1 mM MgCl2, 1 mM EDTA, 0.3 mM NADPH,20 mM Tricine, 10 mM HEPES, adjusted to pH 7.5 with KOH. Thawed PLB
samples were normally washed and resuspended in assay medium containing
250 mM sucrose, 50 mM KCl, 1 mMMgCl2, 1 mM EDTA and 30 mM HEPES
(pH 7.5).
2.2. PLB perturbation procedures
Samples exposed to freeze–thaw treatment, were resuspended in sucrose-
free assay medium (pH 7.5). They were then frozen and thawed, for a specified
number of cycles, either between room temperature and −77 °C in Eppendorf
tubes using liquid nitrogen, or between room temperature and −40 °C at a
cooling/heating rate of 5 °C/min in the temperature-controlled cell used for
X-ray measurements. Samples exposed to high-salt media were first washed
in KCl-free assay medium to remove excess NADPH and KCl. They were
then resuspended in fresh assay medium in which different concentrations of
the chosen salt were substituted for the 50-mM KCl component of standard
NADPH-free assay medium. Washing and resuspension procedures were
carried out at 4 °C. The samples were then incubated at room temperature for
20 min prior to measurement. A similar procedure was adopted for reduced
pH samples with the exception that the final suspension was made in standard
assay medium adjusted to pH 6.5.
2.3. Transmission Electron Microscopy (TEM)
PLB samples fixed in 2.5% gluteraldehyde in 100 mM cacodylate buffer
(pH 7.4), were post-fixed with osmium tetroxide, embedded and sectioned and
stained in 2% uranyl acetate followed by lead citrate. The sections were exa-
mined using a Philips EM301G electron microscope.
2.4. SAXS measurements
SAXS studies were performed using a monochromatic (0.154 nm) focused
X-ray beam and a 5.5-m camera at Station 2.1 of the SERC Daresbury Syn-
chrotron Facility, U.K. Samples were pelleted by centrifugation at 40,000×g for
10 min and mounted between two thin mica sheets, separated by a 1-mm spacer,
in a Linkam THM 600 variable-temperature stage fitted with a liquid nitrogen
cooling system. SAXS patterns were collected using a quadrant detector
calibrated using the first nine orders of wet rat-tail collagen (repeat distance of
67.0 nm). Patterns were collected in the form of 100 consecutive ten second
frames to check for any sample changes during the course of measurement.
SAXS patterns were analysed using the XOTOKO programme available at
Daresbury and form factors for scattering of monodisperse, hollow right circular
cylinders were calculated using the SANS simulator programme of NIST Centre
for Neutron Research (Gaitherrsburg, MD).
2.5. Absorption spectrophotometry
Absorption spectra were measured using a Shimadzu MPS 2000 spectro-
photometer, fitted with a cuvette-holder close to the photomultiplier to reduce
light scattering. Samples were photoconverted by exposure to room (warm white
fluorescent) light 50 μmol m−2 s−1 for 1 min at room temperature when
appropriate.3. Results and discussion
3.1. TEM characterisation of PLB samples
A typical thin-section electron micrograph of a maize
etioplast, showing the organisation of the PLB and its attached
PT, is shown in Fig. 1a. However, as etioplasts with their asso-
ciated PLB constitute only a very small fraction of total leaf
tissue, it was necessary to use samples of isolated PLB for the
X-ray measurements reported below. These samples consisted
of intact PLB together with a certain amount of co-sedimenting
Fig. 1. TEM micrographs. (a) A maize etioplast showing the prolamellar body (PLB) and attached prothylakoids (PT), (b) paracrystalline (c) spongy and (d) tubular
PLB of the type present in the isolated PLB preparation used in the SAXS measurements. Magnification bars 500 nm.
2237E. Selstam et al. / Biochimica et Biophysica Acta 1768 (2007) 2235–2245membrane debris originating from damaged PLB and PT
sheared off from the PLB during the isolation procedure.
Following the classification of Lachmann and Kesselmeier
[16], the PLB in such samples can be divided into; paracrystal-
line, spongy and tubular. Typical examples are shown in Fig.
1b–d. Paracrystalline PLB (Fig. 1b), are well organised with a
regular lattice structure closely resembling that seen in the
original etioplasts. Spongy and tubular PLB correspond to PLB
that have been damaged to differing extents during the isolation
procedure. In spongy PLB (Fig. 1c), the original lattice is still
present but local distortions lead to a loss of long-range order. In
tubular PLB (Fig. 1d), the tubular structures that made up the
original lattice are still present but the whole PLB structure has
the appearance of being teased apart. Typically, 70–80% of the
PLB in the unperturbed samples used for X-ray studies were in
the paracrystalline category. The bulk of the remainder were in
the spongy PLB category with relatively few in the tubular
category.
3.2. Effects of different treatments on PLB morphology
3.2.1. Freeze–thaw treatment
A single freeze–thaw cycle between room temperature and
−40 °C at a cooling/heating rate of 5 °C/min in the absence of
sucrose as cryoprotectant is sufficient to convert all paracrystal-
line PLB present to spongy PLB similar to that shown in Fig.
1c. Additional cycles convert the spongy PLB to the tubular
form with the progressive formation of higher and higher
proportions of isolated tubules and tubular PLB resembling that
shown in Fig. 1d. The degree of damage varies with the dilution
of the sample with more dilute samples tending to show more
extensive damage. The damage itself is very similar to that seenin the PLB isolation procedure and appears to be essentially
mechanical.
3.2.2. High-salt treatment
Two series of TEM measurements were made in order to
investigate the effects of the concentration of different salts and
the ions that they contain on the structure of PLB. The first
series employed KI, KSCN, KCl and K2SO4 as a series of K
+
salts with differing anions forming a Hoffmeister series of salts
with decreasing chaotropic tendencies [17]. The presence of
excess NADPH is thought to be important to the preservation of
PLB organisation and is routinely included in most PLB storage
media. Measurements were, therefore, made both in the
presence and absence of 0.3 mM NADPH. The second series
used KCl, MgCl2 and LaCl3 as a series of salts with a common
anion and different valence cations.
In all cases, increasing the salt concentration decreased the
order of the PLB. With increasing salt concentrations, para-
crystalline PLB are increasingly converted first to the spongy
form, then to the tubular form. This pattern of changes appears
to be indistinguishable from that associated with mechanical
damage occurring during PLB isolation and freeze–thaw treat-
ment. In the presence of the more perturbing salts, the tubular
structures forming the PLB undergo further breakdown to form
what appear to be aggregates of fused vesicles (see Fig. 2 for
examples).
Problems in unequivocally assigning PLB to the different
categories; loss of pelletable PLB material at high salt concen-
trations; and variations within the pellet itself, make it difficult
to quantify such measurements accurately. Qualitative summa-
ries of the results are, however, provided in Tables 1 and 2.
Taken together, three general features emerged from these TEM
Fig. 2. (a)–(c) TEM micrographs showing the effects on PLB structure of resuspension in assay medium containing 500 mM KCl: (a) freshly resuspended sample
showing breakdown into tubular structures and aggregated vesicles, (b) pellet and (c) supernatant of same sample following 5 min centrifugation in an Eppendorf mini-
centrifuge. The changes occurring in a sample suspended in assay medium containing 500 mM KI are shown in (d). Magnification bars 500 nm.
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were found to be more disruptive than the less chaotropic salts
KCl and K2SO4. The presence of 100 mM KI and KSCN for
example converted the initially paracrystalline PLB almostTable 1
Qualitative comparison of the structural effects, as reflected in TEM images, of





No excess NADPH Excess NADPH
None Mainly paracrystalline Mainly paracrystalline
100 mM KI Largely tubular Not measured
250 mM KI Tubular plus fused vesicles Not measured
500 mM KI Fused vesicles only Not measured
25 mM KSCN Mainly paracrystalline Mainly paracrystalline
50 mM KSCN Paracrystalline starting to
break down
Not measured
100 mM KSCN Largely tubular Mainly spongy and tubular
200 mM KSCN Isolated tubules, fused
vesicles, no distinct PLB
Tubular plus fused
vesicles PLB outlines distinct
100 mM KCl Mainly paracrystalline Mainly paracrystalline
250 mM KCl Spongy and tubular Spongy and tubular
500 mM KCl Isolated tubules, fused
vesicles, no distinct PLB
Isolated tubules, fused
vesicles, no distinct PLB
50 mM K2SO4 Mainly paracrystalline Mainly paracrystalline
100 mM K2SO4 Paracrystalline and spongy Mainly spongy and tubular
250 mM K2SO4 Tubular Tubular
Measurements were made using media containing, or lacking, 0.3 mM excess
NADPH as indicated.entirely to tubular forms whilst the same concentrations of KCl
and K2SO4 had relatively little effect on the structure of the
samples. Secondly, the presence of excess NADPH appeared to
have only a very limited effect on stabilising PLB structure as
judged by TEM. Some differences were noted at the highest salt
concentrations but little or no differences were seen at lower
concentrations. Thirdly, increasing the valence of the cation
leads to greatly increased disruption.
The structural changes occurring in PLB resuspended in
assay medium containing 500 mM KCl are shown in more
detail in Fig. 2. The outlines of the original PLB are still clearly
visible but the high-salt appears to lead to a lateral separation of
their components into longer, largely unbranched tubules
separating regions of highly convoluted membrane that take
on the appearance of clusters of tightly packed vesicles (Fig.
2a). Centrifugation of the high-salt treated PLB sample yields aTable 2
Qualitative comparison of the effects of different concentrations of a series of
divalent and trivalent salts on TEM images and SAXS patterns of PLB
suspensions
Added salt TEM SAXS
50 mM KCl Mainly paracrystalline Prominent diffraction peaks
25 mM MgCl2 Mainly paracrystalline Prominent diffraction peaks
50 mM MgCl2 Mainly paracrystalline Slightly reduced diffraction
100 mM MgCl2 Mainly spongy and tubular Very little diffraction
1 mM LaCl3 Mainly paracrystalline Prominent diffraction peaks
5 mM LaCl3 Fused vesicles only Little or no scattering
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like structures (Fig. 2b). The supernatant consists mainly of
much larger (100–500 nm) diameter single bilayer vesicles
(Fig. 2c).
3.2.3. Reduced pH-treatment
Resuspension of maize PLB in assay medium with a pH at or
below 6.5, as previously noted by Selstam et al. [18], leads to a
rapid conversion of paracrystalline PLB to tangled masses of
tubular vesicles (Fig. 3a). Their formation is rapid with all
paracrystalline PLB disappearing within a few minutes of
resuspension in pH 6.5 media. Although superficially similar to
the tubules seen in high-salt and freeze–thaw treated PLB, the
tubules formed at pH 6.5 are slightly smaller in diameter and
lack the clearly distinguishable electron translucent internal
lumen seen in freeze–thaw or high-salt treated PLB (cf. Fig.
3b–d). The tubular structures formed in pH 6.5-treated PLB also
appear to be less interconnected than those seen in spongy PLB
and freeze–thaw treated PLB.
The outer diameter of the tubules formed by the pH 6.5
treatment is typically about 20–21 nm. Tubules formed by
freeze–thaw and high-salt treatments, in contrast, are typically
24–25 nm in diameter with an inner electron-translucent core
about 8–10 nm in diameter. The general appearance of the high-
salt samples in particular, is very similar to that reported by
Simpson [19] for the PLB of barley leaves that have been
subjected to a brief exposure to light at room temperature to
initiate in vivo photodispersal of PLB prior to low temperature
storage and etioplast extraction. Simpson reported values ofFig. 3. (a) TEM micrograph showing the effect on PLB structure of resuspension in p
the tubules formed by (b) pH 6.5, (c) freeze–thaw and (d) high-salt (500 mM KCl)19.5±0.9 and 6.5 nm for the external diameters and central
lumen of tubules of photo-dispersed barley PLB. The corres-
ponding values for oat PLB, however, have been reported to be
25–28 nm and 7.0–7.8 nm [20], suggesting the existence of
considerable variations between plant species.
3.3. Analysis of SAXS measurements
SAXS measurements were made using the PLB samples
employed in the TEM studies described above. Typical results
are presented in Figs. 4–8. Prior to perturbation, the SAXS
patterns are characterised by a relatively sharp maximum
centred at about S=0.022 nm−1 (d=45 nm) and an associated
group of smaller maxima in the range S=0.03–0.07 nm−1
(d=33–14 nm). Underlying these maxima are a series of much
broader maxima centred at S=0.05, 0.1 and 0.15 nm−1 (d=20,
10, and 6.7 nm). As discussed below, the broad maxima are
associated with scattering from the individual tubules making
up the framework of the PLB and the sharper maxima cor-
respond to diffraction peaks associated with the lattice of the
paracrystalline PLB. Subtraction of the SAXS patterns of
perturbed preparations, which lack the diffraction maxima, from
those of the initial unperturbed PLB preparations yields a good
approximation to the diffraction component.
3.3.1. Freeze–thaw treatment
The best results are obtained using SAXS measurements
made on a PLB sample just before freezing and immediately
after melting. Freezing was performed on the X-ray line so as toH 6.5 assay medium (magnification bar 500 nm). Higher magnification views of
treatment (magnification bars 100 nm).
Fig. 5. Effect of resuspension in low-pH medium on the SAXS patterns of PLB.
(a) Measured patterns for sample in initial pH 7.5 assay medium (thin line) and
after resuspension in pH 6.5 assay medium (thick line), (b) after correction of the
low-pH sample for shrinkage and intensity adjustment (see text), (c) difference
pattern with indexing bars as in Fig. 4.
Fig. 4. (a) SAXS patterns measured immediately prior to freezing (thin line) and
immediately after melting (thick line) for PLB sample suspended in sucrose-free
assay medium subjected to a single freeze–thaw cycle, (b) difference pattern
obtained by subtraction. The vertical bars mark the calculated positions of the
diffraction maxima for a Fd3m lattice with unit cell length of a=78 nm.
2240 E. Selstam et al. / Biochimica et Biophysica Acta 1768 (2007) 2235–2245minimise disturbance of the sample. As noted above, a single
freeze–thaw cycle in the absence of a cryprotectant such as
sucrose converts all paracrystalline PLB to the spongy form.
This transformation is accompanied by a complete suppression
of the diffraction components to yield a SAXS pattern con-
sisting only of the underlying scatter peaks (Fig. 4a). The
difference pattern (Fig. 4b) is thus a close approximation to the
diffraction pattern components of the unperturbed sample.
The calculated positions of the a/√3, a/√8, a/√11, a/√16, a/√19,
a/24 and a/√27 maxima predicted for a diamond cubic (Fd3m)
lattice with a unit cell length of a=78 nm are indicated in the
figure. The measured pattern lacks clear a/√16 and a/√24 re-
flections but is otherwise consistent with the predicted pattern.
The reflections are relatively broad reflecting the size hetero-
geneity of the PLB in the original sample.
3.3.2. Reduced pH treatment
PLB samples resuspended in pH 6.5 media show a similar
loss of order. They are, however, converted to tangles of tubules
rather than spongy PLB (see Fig. 3a). SAXS patterns of PLB
suspended in pH 7.5 and pH 6.5 assay medium are compared in
Fig. 5a. In this case, the measurements were made using two
separate samples, necessitating an adjustment in the relative
intensity of the two patterns to balance the contribution of
scatter at wider spacings. The measurements are further com-
plicated by the fact that there is a significant change in the
spacings of the scattering peaks reflecting the shrinkage in
tubule diameter that occurs at the lower pH. As partial compen-
sation for this, the spacings for the pattern measured at pH 6.5were rescaled by a factor of 0.87 (Fig. 5b) prior to subtraction
from the pattern measured at pH 7.5. This assumes a uniform
reduction in the membrane thickness as well as the external
diameter of the tubules, which will introduce a small error in the
final calculated values. Nevertheless, the difference pattern
(Fig. 5c) closely resembles that obtained for the freeze–thaw
sample.
3.3.3. High-salt treatment
SAXS patterns of samples resuspended in assay medium
containing different salt concentrations are exemplified for KCl
and KI in Fig. 6a and b, respectively. Similar results were
obtained for KSCN and K2SO4 treated samples (not shown).
The relative disruptive powers of the K+ salts followed the same
pattern seen in the TEM studies (Table 1). In order of efficiency
of disruption, KINKSCNNKCl=K2SO4. Switching from KCl
to KI led to a 2–3 fold increase in disruption. 250 mM KI, for
example, has a similar disruptive effect to 500 mM KCl (cf. Fig.
6a and b). The breakdown of the PLB tubules at higher salt
concentrations seen in the TEM studies (see Fig. 2a and d) is
reflected in the decreased amplitude of the scattering peaks.
This is exemplified in the patterns obtained for the samples
containing 250 and 500 mM KCl (Fig. 6a) and the complete
suppression of these peaks in the sample containing 500 mM KI
(Fig. 6b).
The effects of substituting the KCl in the assay medium by
different concentrations of MgCl2 and LaCl3 are illustrated in
Fig. 6c and d. In the case of Mg2+, little change was seen at low
concentrations but 100 mM MgCl2 clearly had a significant
Fig. 6. SAXS patterns of PLB suspended in assay medium containing (a) 0, 100, 250 and 500 mM KCl, (b) 0, 100, 250 and 500 mM KI, (c) 0, 25, 50,100 mMMgCl2
and (d) 0, 5.0 mM LaCl3. The patterns are vertically displaced to minimise overlap with the lower salt concentrations at the top.
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as little as 5 mM leading to a complete abolition of any long-
range order and a widespread disruption of tubular structures.
Similar results (not shown) were obtained using MnCl2 and KAl
(S04)2.Fig. 7. (a) SAXS patterns of PLB suspended in assay medium containing
250 mM KI (thick line) and 0 mM KI. (thin line), (b) difference pattern obtained
by subtraction with indexing bars as in Fig. 4 calculated for a=78.5 nm.In all cases, the loss of paracrystalline PLB with increasing
salt concentrations is reflected in the decreasing contributions of
the diffraction peaks. This loss is much more easily followed in
the SAXS measurements, where a single measurement reflects
the condition of the whole sample, than in TEM studies. TheFig. 8. SAXS patterns of PLB suspended in assay medium containing 0, 100,
250 and 500 mM KCl measured in the presence (a) and absence (b) of 0.3 mM
NADPH. The patterns are vertically displaced to minimise overlap with the
lower salt concentrations at the top.
Fig. 9. SAXS patterns measured using a 2.25-m camera length, of PLB sus-
pended in (a) normal assay medium and (b) assay medium containing 500 mM
KCl. (c) Comparison of scattering curve for the 500-mM KCl sample (lower
curve) and the calculated scattering pattern of hollow cylinders with an external
diameter of 26 nm and an internal diameter of 16.2 nm (upper curve).
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tubular PLB, in contrast, are more difficult to detect by SAXS as
both PLB types give similar scattering patterns. The subsequent
breakdown of the tubular structures is again easy to follow by
SAXS measurements as it leads to a loss of the scatter peaks
leaving an essentially featureless background scatter curve.
This change in scattering profile at high salt concentrations
means that it is hard to identify an appropriate scattering curve
to subtract from the SAXS pattern of the unperturbed samples
for salt-treated samples. The best that can be done is to use the
SAXS pattern of a partially perturbed sample, on the assump-
tion that the changes occurring in such samples will be predo-
minantly determined by changes in the diffraction contribution.
A typical result, for KI treated samples, is shown in Fig. 7.
The calculated positions of the a/√3, a/√8, a/√11, a/√16, a/√19,
a/24 and a/√27 maxima for a diamond cubic (Fd3m) lattice are
again indicated on the figure. The estimated value for the unit
cell was a=78.5 nm effectively identical to that calculated for
the freeze–thaw perturbed sample shown in Fig. 4. Analogous
results (not shown) were obtained with all high-salt systems
tested. The resulting difference patterns showedminor variations
but were clearly similar to those seen for the freeze–thaw and
pH 6.5 treatments.
3.3.4. Effect of excess NADPH on preservation of PLB
structure
A typical set of SAXS patterns for PLB samples resuspended
in assay medium containing different concentrations of KCl in
the presence and absence of 0.3 mMNADPH is shown in Fig. 8.
The presence of excess NADPH appears to have little effect in
stabilising ordered PLB against high-salt perturbation. Similar
losses of the diffraction peaks are seen in the presence and
absence of NADPH. There are, however, some indications that
it may reduce the loss of tubular structures, giving rise to the
broad scattering maxima, at the highest salt concentrations. Si-
milar measurements (not shown) were made on PLB resus-
pended in pH 6.5 assay medium. The presence of excess
NADPH had no discernable effect on the SAXS pattern of PLB
under these conditions; a complete loss of diffraction peaks
occurring both in the presence and absence of added NADPH.
3.4. Scattering contributions to the SAXS pattern
A better appreciation of the contribution of the scattering
components to the SAXS pattern of PLB can be obtained from
measurements made using a camera length of 2.25 m, as op-
posed to the normal length of 5.5 m. Typical SAXS patterns for
PLB suspended in standard assay medium and assay medium
containing 500 mM KCl are shown in Fig. 9. The pattern for the
high salt sample, which lacks the diffraction maxima associated
with ordered PLB, shows clear evidence of at least five
scattering peaks (Fig. 9b). The general shape of the scattering
profile resembles that of the form factor for hollow cylinders
(Fig. 9c). There is, however, a marked suppression of scattering
at low angles, which we attribute to interparticle interactions.
Interparticle interference is known to lead to a decrease in scat-
tering in this region [21]. In samples containing discrete par-ticles, the effects of such interactions can be reduced by
increased sample dilution [22,23]. Dilution, however, has little
effect in PLB samples as the tubules are to a large extent still
interconnected and dilution simply increases the separation of
the disorganised PLB with little or no effect on the separation of
the tubules within a given PLB.
The best match of the positions of the maxima and minima of
the scattering curve and the form factor calculated for a uniform
hollow cylinder was obtained if the outer diameter of the cy-
linder was assumed to be about 26 nm in diameter and the inner
diameter about 16 nm. The predicted value for the outer dia-
meter is in reasonable agreement with the value of 24–25 nm
seen in the TEM measurements. The value for the inner dia-
Table 3
Collected values for centre-to-centre separations (x) of adjacent vertical tubules
and corresponding unit cell lengths (a) in hexagonal patterns seen in TEM
images of PLB sectioned parallel to the 1,1,1 plane of the parent diamond cubic
(Fd3m) lattice
Plant material x (nm) a (nm) Ref.
Barley (TEM) 50.2±4.8 71.0±6.8 Simpson [19]
Barley (FFEM) 52.0±0.6 73.5±0.8 Simpson [19]
Maize (juvenile) 60.8±4.2 85.9±5.9 Rascio et al. [25] a
Maize (mature 53.7±3.0 75.9±4.2 Rascio et al.[25] a
Oat 66.6 94.3 Murakami et al. [1] b
Squash 48.7 68.9 Gunning and Steer
(1975) c
a Based on optical diffraction measurements.
b Estimated from plate 36e.
c Estimated from Fig. 9.
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predicted wall thickness of about 5.0 nm is approximately that
of a lipid bilayer suggesting that it may be the main determinant
of the scattering profile.
3.5. Comparison of PLB lattice sizes calculated from TEM and
SAXS studies
A characteristic feature of PLB is that TEM sections cut
parallel to different lattice planes give rise to different repeating
patterns [1,4,24]. The relationship between these patterns and
the unit cell of the diamond cubic lattice are summarised in Fig.
10. Using this information, the unit cell length of the underlying
cubic structure can readily be calculated from measurements of
appropriate TEM images.
The most suitable pattern for this purpose is the regular
hexagonal pattern formed by groups of six tetrapodal units with
alternate arms protruding vertically above and below the 111
plane (Fig. 10a and d) as its symmetry can readily be used to
check the accurate alignment of the section. The centre-to-
centre distance (x) of pairs of arms pointing out of the plane can
easily be shown to equal a/√2. This provides a convenient
method for estimating the size of the underlying unit cell (seeFig. 10. Diagrams illustrating the relationship between the diamond cubic
(F3dm) structure of maize PLB, the repeating hexapodal unit made up of six
interconnected tetrapodal units and the patterns seen in TEM electronmicro-
graphs sectioned parallel to different planes of the unit cell. Panels (a)–(c) show
the relationship between the unit cell and the hexapodal unit it contains. The
hexapodal unit is shown in grey, the corners of the unit cell are indicated as black
circles. The white circles correspond to the lattice positions associated with other
(non-highlighted) hexapodal units. Panels (d)–(f) show the corresponding net-
works formed by the repeating hexapodal units. See text for further details.[4] for more details). The repeat distance of the open network
made up of the same six units seen in sections cut parallel to the
110 plane (Fig. 10b and e) is also a/√2 and easy to measure. The
square lattice pattern in sections cut parallel to the 100 plane
(Fig. 10c and f), with a repeat distance in thin sections of a/2, is
usually more difficult to observe.
In practice, relatively few PLB consist of a single uniform
diamond cubic lattice. The majority of maize PLB show
extensive twinning associated with reflections around the 111
plane (Fig. 1). Extensive areas of well-ordered lattice are,
however, easily found. More complex arrangements of the type
described by Gunning and Steer [24] for oat and Murakami et
al. [1] for squash PLB, thought to involve regions of diamond
lattice assembled around two or more central pentagonal
dodecahedrons, are also found but are comparatively rare in
maize.
A list of values for unit cell length calculated on the basis of
EM data for PLB from different sources is provided in Table 3.
There are appreciable variations for PLB isolated both from
different plant species and from plants of the same species at
different stages of development. The value of 78 nm calculated
from our SAXS measurements lies close to the middle of the
range. It is, however, higher than the value of 68 nm reported for
maize PLB in our earlier study [4]. PLB unit cell size, as
demonstrated by Rascio et al. [25], is dependent on the state of
maturity of the parent etioplasts. The leaf material used in the
present study was grown at a rather lower temperature and it is
probably this that accounts for the discrepancy between the two
values.
This species- and age-dependent variation in unit cell length
almost certainly reflects differences in the membrane composi-
tion of the PLB. Similar variations probably account for the
differences in tubule diameter cited for the tubules of
photodispersed etioplasts by Simpson [19] and Wellburn and
Wellburn [20] and the values found in the present investiga-
tion. The difference between the diameters of the tubules in
high-salt and reduced-pH disrupted maize PLB seen in the
present study, which were measured using the same initial PLB
sample, however, are clearly of different origin and probably
reflect changes in the pattern of ionisation of surface charged
groups.
Fig. 12. Absorption spectra of PLB resuspended in assay medium containing
500 mM KCl in the presence (lower spectrum) or absence (upper spectrum) of
1.0 mM NADPH. Spectra are displaced vertically for ease of comparison.
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3.6.1. Freeze–thaw treatment
Absorption measurements were made on PLB samples
subjected to ten freeze–thaw cycles by immersion in liquid N2
in the presence and absence of 1 mM NADPH. Small decreases
in overall absorption, possibly associated with pigment loss,
were observed but no detectable changes occurred in the relative
contributions of POR-PChlide650 and POR-PChlide640 (not
shown). The absorption spectrum of isolated PLB thus appears
to be relatively insensitive to changes in the overall mechanical
integrity of the PLB.
3.6.2. Reduced pH treatment
Following resuspension of PLB in pH 6.5 assay medium, the
red absorption maximum shifts from 650 nm at pH 7.6 (Fig.
11a) to 640 nm at pH 6.5 in the presence of excess NADPH
(Fig. 11b) or 635 nm in its absence (Fig. 11c). These changes
reflect the conversion of POR-PChlide650 to POR-PChlide640
in the presence of excess NADPH, or a non-photoconvertible
form absorbing maximally at about 635 nm in its absence [18].
3.6.3. High-salt treatment
In the presence of increasing concentrations of salts, there is
a progressive conversion of photoconvertible POR-PChlide650
and POR-PChlide640 to a non-photoconvertible form with an
absorption maximum close to 635 nm. These changes closely
resemble those reported by Widell-Wigge and Selstam [15] forFig. 11. Absorption spectra of PLB resuspended in assay medium at different pH
before (thick line) and after (thin line) photoconversion. (a) In normal assay
medium at pH 7.6, (b) in assay medium adjusted to pH 6.5 in the presence of
1 mM NADPH (c) in assay medium adjusted to pH 6.5 in the absence of added
NADPH.salt-washed PLB. In contrast to the pH 6.5-treated samples, the
presence of excess NADPH has a strong protective effect on
POR-PChlide650 (Fig. 12). It does not, however, lead to the
preferential formation of POR-PChlide640 seen under pH 6.5
conditions; POR-PChlide650 appears to convert directly to the
non-photoconvertible form under high-salt conditions.
The different salts show the same rank order in their ef-
ficiency of conversion of POR-PChlide650 to its non-photo-
convertible form, to that seen for their perturbation of the PLB
lattice in the TEM studies summarised in Tables 1 and 2, and the
loss of diffraction maxima shown in Fig. 6. In all cases, the
extent of the changes is strongly dependent on the valence of the
cation and rather less strongly dependent on the chaotropic
nature of the anion. As long as the initial structural perturbation
is not too great these changes, as will be discussed elsewhere,
are largely reversible. This strongly suggests that they reflect
changes in the electrostatic balance at the membrane surface of
the PLB rather than direct interactions with specific components
of the POR-PChlide complex of the type described by Böddi
and his coworkers [26,27] for Hg2+.
There is a marked difference in the influence of excess
NADPH on the changes at the absorption and structural level.
Whilst the presence of NADPH strongly inhibits the spectral
changes seen under high-salt conditions (Fig. 12), it offers only
very limited protection against the accompanying structural
changes. As long as sufficient excess NADPH is present, PLB
can lose all traces of ordered structure (Fig. 8) whilst retaining
their POR-PChlide650 content essentially unchanged. Thus
while the presence of POR-PChlide650 may be a requirement
for initial PLB formation, its retention is a poor predictor of
PLB organisation.
4. Conclusions
Selective perturbation of PLB structure by freeze–thaw, high
salt and pH 6.5 treatment leads to characteristic changes in the
SAXS patterns of such PLB that can be effectively used to
separate out the diffraction pattern associated with the ordered
PLB lattice from the scattering pattern associated with indi-
vidual tubules of less well ordered PLB. The accompanying
spectral changes show many common features but also clear
differences. Freeze–thaw disruption appears to be purely me-
2245E. Selstam et al. / Biochimica et Biophysica Acta 1768 (2007) 2235–2245chanical and brings about no spectral changes. In contrast, the
more-aggregated POR-PChlide650 form of the POR complex is
replaced by the less-aggregated POR-PChlide640 form, in the
presence of excess NADPH at least, under pH 6.5 conditions
while it is converted directly to a non-photoactive form under
high salt conditions. The freeze–thaw and high salt measure-
ments clearly indicate that the retention of POR-PChlide650 in
isolated PLB preparations is a poor guide to their structural
integrity.
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